The nonnative ambrosia beetles Xylosandrus germanus (Blandford) and Xylosandrus crassiusculus (Motschulsky) are destructive pests of plants and trees growing in ornamental nurseries and tree fruit orchards. Perception of stress-induced volatiles plays an important role in aiding female X. germanus and X. crassiusculus in locating vulnerable hosts, while adult males of both species are flightless and not involved in host selection. Scanning electron microscopy was used to characterize the antennae of both species, which consisted of a scape, funicle, and club. Emphasis was placed on the type, structure, and distribution of sensilla associated with the antennal clubs of female and male X. germanus and X. crassiusculus. Sensilla observed on the anterior surface of the club for females and males of both species include one type of sensillum chaeticum (SC1), one type of sensillum trichodeum (ST1), and five types of sensilla basiconica (SB1-5). Sensilla are distributed in association with two sensory bands and/or a basal cluster. SB1, the most abundant sensilla type found on female and male clubs for both species, appears to be highly porous. No obvious sexual dimorphism was observed regarding sensilla type, but most types are more abundant on the antennal clubs of females compared with males for X. germanus and X. crassiusculus. Possible functions of the sensilla types are discussed based on morphology. These results provide an improved understanding of sensilla associated with X. germanus and X. crassiusculus that will aid electrophysiological investigations into their host selection behavior.
The nonnative ambrosia beetles Xylosandrus germanus (Blandford) and Xylosandrus crassiusculus (Motschulsky) (Coleoptera: Curculionidae: Scolytinae) are destructive wood-boring pests of trees growing in ornamental nurseries (Ranger et al. 2016) , tree fruit orchards (Agnello et al. 2015) , plantations (Weber and McPherson 1983) , and forested stands (Grégoire et al. 2001) . Adult females tunnel into stems and inoculate the gallery walls with symbiotic Ambrosiella spp. fungi that serve as food for the larvae and adults (Harrington et al. 2014 , Mayers et al. 2015 . Infestations can cause canopy dieback, stem and trunk cankers, and plant death (Ranger et al. 2016) .
Both species overwinter as adults in galleries of host trees. Adult females disperse from their overwintering galleries in spring and seek vulnerable hosts for colonization; adult males of both species are flightless and not involved with locating and colonizing hosts. Thin-bark deciduous species are preferred over coniferous species, but X. germanus and X. crassiusculus both exhibit broad host ranges including more than 200 and 120 species, respectively (Schedl 1963, Weber and McPherson 1984) . Despite a broad host range, tree physiological status plays an important role during host location and host acceptance by X. germanus and X. crassiusculus. Living but weakened trees are efficiently located and preferentially attacked, particularly those stressed by flooding/poor drainage, frost injury, or winter injury/low temperature (Heidenreich 1960; La Spina et al. 2013; Ranger et al. 2013 Ranger et al. , 2015a Ranger et al. ,b, 2016 . Unlike healthy specimens, stressed trees often produce greater concentrations of several stressinduced volatile organic compounds Kozlowski 1982, Kimmerer and MacDonald 1987) . In particular, ethanol is induced in response to a variety of physiological stressors and used during host location and host acceptance by X. germanus and X. crassiusculus (Ranger et al. 2010 (Ranger et al. , 2013 (Ranger et al. , 2015b .
The antennae are the primary olfactory organs for bark and ambrosia beetles that aid in host-selection decisions, including location,
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recognition, discrimination, and acceptance processes (Moeck 1968 , Byers 1995 . Xylosandrus germanus exhibited antennal responses via gas chromatography-electroantennographic detection (GC-EAD) to ethanol emitted from the bark of Magnolia virginiana L. (Ranger et al. 2012) . Ethanol alone and ethanol plus the hostderived compound conophthorin also elicited larger electroantennogram (EAG) responses than a variety of other selected semiochemicals (Ranger et al. 2014) .
Studies have assessed antennal sensilla for a variety of Scolytinae (Moeck 1968; Borg and Norris 1971; Payne et al. 1973; Payne 1977, 1978; Whitehead 1981; Faucheux 1989 Faucheux , 1994 Chen et al. 2010; Wang et al. 2012 ), but no analyses have been reported for female or male X. germanus and X. crassiusculus. Morphologically distinct categories of antennal sensilla were described for the ambrosia beetle Trypodendron lineatum (Olivier), namely, sensilla chaetica, sensilla trichodea, and sensilla basiconica (Moeck 1968 , Payne et al. 1973 . In particular, sensilla trichodea and basiconica are the two types of sensilla involved with olfaction (Dickens and Payne 1978) . In this paper we used scanning electron microscopy (SEM) to characterize and compare the external morphology and distribution of sensilla on the anterior surface of the antennal club for female and male X. germanus and X. crassiusculus. Such information provides a morphological foundation for future electrophysiological studies on the sensilla of X. germanus and X. crassiusculus, along with insight into olfactory perception, behavior, and possible structure-function relationships.
Materials and Methods

Insects
Adult female X. crassiusculus and X. germanus were collected using ethanol-baited traps in Ohio in May 2010 (40 45 0 40.04 00 N; 81 51 0 15.70 00 W). Since males are flightless and rarely observed under field conditions outside of galleries, F1 male specimens were obtained by rearing field-collected females using a beech sawdustbased artificial diet according to Castrillo et al. (2012) . All specimens were temporarily stored in 100% ethanol until processing for SEM. Ten female and male specimens were analyzed for X. germanus and X. crassiusculus.
Scanning Electron Microscopy
Individual specimens were placed in a fixative solution containing 3% glutaraldehdye and 2% paraformaldehyde in a 0.1 M potassium-phosphate buffer. After fixation, specimens were dehydrated in a graded ethanol series. Specimens were dried using a CO 2 critical point drier and mounted on their left side on an aluminum stub. Specimens were sputter-coated with gold (Hummer VII, Anatech Ltd., Alexandria, VA) to 25 nm thickness and examined in an SEM (Hitachi S4700 Cold Field Emission Scanning Electron Microscope, Hitachi High Technologies America, Inc., Dallas, TX) operated at 15 kV and a 15 mm working distance. Antennal morphology and sensilla types were characterized and measured using the SEM. Length and width measurements of antennal segments were made from six female and male specimens for X. germanus and X. crassiusculus. Length and width measurements of the different sensilla types were made from 10 female and male specimens for X. germanus and X. crassiusculus. We focused our observations and analyses on the anterior surface of the antennal club for female and male X. germanus and X. crassiusculus due to the dense localization of sensilla within this region. Representative composite images of the antennal club of female and male X. germanus and X. crassiusculus were also prepared by taking images at Â4000. The composite image allowed for characterizing the densities and spatial distribution of the sensilla types on the anterior surface of the antennal club. Composite images from three representative specimens of female and male X. germanus and X. crassiusculus were overlaid using Photoshop 7.0 (Adobe Systems, San Jose, CA).
Statistical Analysis
Photoshop 7.0 (Adobe Systems) image processing software was used for quantifying and characterizing sensilla types. Densities of the different sensilla types per antennal club were compared within sex for X. germanus and X. crassiusculus using a one-way ANOVA and Tukey's HSD (a ¼ 0.05). Densities of individual sensilla types were compared between females and males for X. germanus and X. crassiusculus using an unpaired t-test (a ¼ 0.05; SAS Institute 2001). Densities of individual sensilla types were also compared within sex and between beetle species using an unpaired t-test (a ¼ 0.05; SAS Institute 2001).
Results
General Structure of Antennae
The antennae of female and male X. germanus and X. crassiusculus consist of a basal scape followed by a funicle attached to a terminal club (Figs. 1A-H, 2A-F). Total length of the antenna is significantly longer for X. germanus females (335.32 6 6.52 mm) compared with males (235.63 6 6.47 mm; t ¼ 10.86; df ¼ 10; P < 0.0001). Similarly, total length of the antenna is significantly longer for X. crassiusculus females (377.54 6 5.30 mm) compared with males (198.70 6 9.39 mm; t ¼ 14.70; df ¼ 10; P < 0.0001).
The Table 2 ).
The funicle consists of five segments for female and male X. germanus and female X. crassiusculus, but only three segments for male X. crassiusculus (Figs. 1G, H, 2E, F; Tables 1-2). Total length of the funicle is 81.65 6 3.91 mm and 65.08 6 5.86 mm for female and male X. germanus, respectively. Total length of the funicle is 89.62 6 4.40 mm and 48.47 6 3.80 mm for female and male X. crassiusculus, respectively.
The terminal oval club is flattened and exhibits an oval-shaped region that contains the majority of sensilla for female and male X. germanus and X. crassiusculus (Figs. 1C, D, 2C, D) . The club is 125.67 mm and 100.00 mm in length and width for female X. germanus and 98.12 mm and 73.83 mm in length and width for males (Table 1) . Similarly, the club is 135.77 mm and 118.10 mm in length and width for female X. crassiusculus and 82.95 mm and 65.57 mm in length and width for males ( Table 2) .
Types of Antennal Sensilla
Numerous sensilla occur within an oval-shaped region near the distal tip of the antennal club for female and male X. germanus and X. crassiusculus (Figs. 1C, D, 2C, D) . Seven types of sensilla were observed within the distal tip of the antennal club from females and males of both species consisting of one type of sensillum chaeticum (SC1), one type of sensillum trichodeum (ST1), and five types of sensilla basiconica (SB1-5). 
Sensillum Chaeticum
The SC1 is a comparatively long, stiff seta with an articulated basal socket that is curved and tapered into a rounded tip (Figs. 3A-D, 4A ). Two to four serrations begin about half way between the base and tip (Fig. 3A, C) . Superficial grooves are present along the surface of the sensilla (Fig. 3C) . The SC1 is a mean of 27.98 mm and 23.40 mm in length for female and male X. germanus, respectively (Table 3) . Similarly, mean lengths of 25.69 mm and 25.19 mm were observed for female and male X. crassiusculus, respectively (Table 4) . A mean of 74.75 and 63.38 SC1 occur on the anterior surface of the antennal club for female and male X. germanus, respectively (t ¼ 3.35; df ¼ 14; P ¼ 0.005). A mean of 84.13 and 47.50 SC1 occur on the anterior surface of the antennal club for female and male X. crassiusculus, respectively (t ¼ 8.74; df ¼ 14; P <0.0001). More SC1 occur on the antennal club for female X. crassiusculus than female X. germanus (t ¼ 2.18; df ¼ 14; P ¼ 0.047). However, more SC1 occur on the antennal club for male X. germanus than male X. crassiusculus (t ¼ 4.62; df ¼ 14; P ¼ 0.0004). Sensillum chaeticum also occur on the scape and funicle, but they were not quantified as part of our current study.
Sensillum Trichodeum
The ST1 is a comparatively long, slightly curved seta without a socket that is distally tapered to a point ( Fig. 4A-C) . Slit-like depressions occur sparsely along the surface (Fig. 4B) . The ST1 is a mean length of 18.36 mm and 22.50 mm in length for female and male X. Sc, scape; Fu-1, funicle segment 1; Fu-2, funicle segment 2; Fu-3, funicle segment 3; Fu-4, funicle segment 4; Fu-5, funicle segment 5; Cl, club; n ¼ 6 specimens per sex; df ¼ 10. Sc, scape; Fu-1, funicle segment 1; Fu-2, funicle segment 2; Fu-3, funicle segment 3; Fu-4, funicle segment 4; Fu-5, funicle segment 5; Cl, club; Funicle is three segments for male X. crassiusculus; n ¼ 6 specimens; df ¼ 10. germanus, respectively (Table 3) . Similarly, ST1 is a mean length of 18.59 mm and 16.39 mm in length for female and male X. crassiusculus, respectively (Table 4) . A mean of 22.00 and 9.75 ST1 occur on the distal surface of the antennal club for female and male X. germanus, respectively (t ¼ 5.24; df ¼ 14; P ¼ 0.0001). A mean of 35.75 and 20.13 ST1 occur per club for female and male X. crassiusculus, respectively (t ¼ 4.22; df ¼ 14; P ¼ 0.0009). More ST1 occur per club for female X. crassiusculus than female X. germanus (t ¼ 4.20; df ¼ 14; P ¼ 0.0009). Similarly, more ST1 occur per club for male X. crassiusculus than male X. germanus (t ¼ 3.81; df ¼ 14; P ¼ 0.0019). Sensillum trichodeum were not observed on the scape and funicle.
Sensilla Basiconica
Five types of sensilla basiconica (SB1-5) were observed on the anterior surface of the antennal club. No sensilla basiconica were observed on the scape or funicle.
The SB1 lacks a basal socket, is distinctly curved, and tapers gradually to a blunt tip (Fig. 5A-D) . Numerous slit-like depressions that might be porous occur on the entire surface along the upper two thirds of the seta (Fig. 5C-D) . The SB1 is shorter than the SC or ST1, but longer than SB2-5. The SB1 is a mean of 10.72 mm and 8.17 mm in length for female and male X. germanus, respectively, and 10.35 mm and 10.31 mm in length for female and male X. crassiusculus. A mean of 171.00 and 150.50 SB1 occur per antennal club for female and male X. germanus, respectively (t ¼ 2.57; df ¼ 14; P ¼ 0.022). A mean of 220.63 and 86.63 SB1 occur per club for female and male X. crassiusculus, respectively (t ¼ 8.58; df ¼ 14; P < 0.0001). More SB1 occur per club for female X. crassiusculus than female X. germanus (t ¼ 9.02; df ¼ 14; P < 0.0001). However, more SB1 occur per club for male X. germanus than male X. crassiusculus (t ¼ 4.37; df ¼ 14; P ¼ 0.0006).
The SB2 lacks a basal socket, is curved, and gently tapers to a comparatively blunt tip (Fig. 6A-F) . Extensive serpentine invaginations that might be porous occur along the upper two thirds of the surface of SB2 that are unique to this type of basiconicum (Fig.  6A-D) . The SB2 is comparatively short with a mean length of 4.27 and 3.54 mm for female and male X. germanus, respectively (Table 3) . A mean length of 3.58 and 4.11 mm was measured from female and male X. crassiusculus, respectively (Table 4) . A mean of 56.25 and 10.25 SB2 occur per club on female and male X. germanus, respectively (t ¼ 12.60; df ¼ 14; P < 0.0001). A mean of 68.63 and 13.51 SB2 occur per club for female and male X. crassiusculus, respectively (t ¼ 14.39; df ¼ 14; P < 0.0001). More SB2 occur per club for female X. crassiusculus than female X. germanus (t ¼ 2.34; df ¼ 14; P ¼ 0.035). There is no difference in densities of SB2 between males of X. germanus and X. crassiusculus (t ¼ 1.43; df ¼ 14; P ¼ 0.174).
The SB3 lacks a basal socket or collar, is peg like, and tapers sharply from a wide base (Fig. 7A-B) . The surface is smooth and no suspected pores are evident (Fig. 7B) . The SB3 is a mean length of 2.26 and 2.02 mm for female and male X. germanus, respectively, and 2.50 and 2.52 mm for female and male X. crassiusculus (Tables 3-4) . A mean of 6.50 and 3.38 SB3 occur per club on female and male X. germanus, respectively (t ¼ 3.98; df ¼ 14; P ¼ 0.0014). A mean of 16.13 and 5.88 SB3 occur per club for female and male X. crassiusculus (t ¼ 6.47; df ¼ 14; P < 0.0001). More SB3 occur per club for female X. crassiusculus than female X. germanus (t ¼ 6.32; df ¼ 14; P <0.0001). Similarly, more SB3 occur per club for female X. crassiusculus than female X. germanus (t ¼ 2.85; df ¼ 14; P ¼ 0.013). The SB4 is set within recessed collar, peg like, and hook shaped with pointed tip (Fig. 8A-F) . Suspected pores are not evident on the surface of SB4. A mean length of 3.27 and 3.63 mm was measured for female and male X. germanus, respectively, and 3.91 and 3.22 mm for female and male X. crassiusculus (Tables 3-4) . A mean of 11.38 and 3.63 SB4 occur per club for male and female X. germanus, respectively (t ¼ 4.33; df ¼ 14; P ¼ 0.0007). A mean of 7.25 and 5.88 SB4 occur per club for X. crassiusculus (t ¼ 1.10; df ¼ 14; P ¼ 0.29). There is no difference in densities of SB4 per club for female X. crassiusculus and female X. germanus (t ¼ 1.92; df ¼ 14; P ¼ 0.076). There is no difference in densities of SB4 between males of X. germanus and X. crassiusculus (t ¼ 0.90; df ¼ 14; P ¼ 0.38).
The SB5 has a wide base without a socket or collar, is curved, and tapers to a comparatively blunt tip. It is characterized by distinct depressions that extend longitudinally from the lower half of the sensillum surface toward the tip (Fig. 9A-C) . A mean length of 4.71 and 4.35 mm was measured for female and male X. germanus, respectively, and 4.28 and 4.73 mm for female and male X. crassiusculus (Tables 3-4) . A mean of 17.88 and 12.38 SB5 occur per club for male and female X. germanus, respectively (t ¼ 4.56; df ¼ 14; P ¼ 0.0004). A mean of 14.00 and 9.50 SB5 occur per club for X. crassiusculus, respectively (t ¼ 4.74; df ¼ 14; P ¼ 0.0003). More SB5 occur per club for female X. germanus than female X. crassiusculus (t ¼ 3.52; df ¼ 14; P ¼ 0.0034). Similarly, more SB5 occur per club for male X. germanus than male X. crassiusculus (t ¼ 2.74; df ¼ 14; P ¼ 0.016).
Distribution of Sensilla
The SC occur in two distinct sensory bands near the distal perimeter of the antennal club for X. germanus females (Fig. 10B) and males ( Fig. 11B ) and X. crassiusculus females (Fig. 12B) and males (Fig.  13B) . The SC are also sparsely clustered around the base of the anterior surface of the antennal club for females and males of X. germanus and X. crassiusculus.
The ST1 are lightly clustered around the base and center of the antennal club for female X. germanus (Fig. 10C ) and female X. crassiusculus (Fig. 12C) . The ST1 are more randomly distributed around the base of the antennal club for male X. germanus (Fig. 11C ) and male X. crassiusculus (Fig. 13C) .
The SB1 are densely distributed throughout much of the anterior surface of the antennal club for X. germanus females (Fig. 10D) and males ( Fig. 11D ) and X. crassiusculus females (Fig. 12D) and males (Fig. 13D) . Distinct bands of SB1 are evident for female X. crassiusculus (Fig. 12D) . The SB2 are clustered around the center and distal perimeter of the antennal club for female X. germanus (Fig. 10E ) and female X. crassiusculus (Fig. 12E) . The SB2 are randomly distributed around the center of the antennal club for male X. germanus (Fig. 11E ) and male X. crassiusculus (Fig. 13E) . SB3-5 are clustered around the center of the club for X. germanus females (Fig. 10F, G) and males (Fig. 11F, G) and X. crassiusculus females (Fig. 12F, G) and males (Fig. 13F, G) .
Density of Sensilla
The SB1 are the most abundant type of sensilla on the anterior surface of the antennal club for female X. germanus followed by SC1, SB2, and SB5 (Fig. 14A) . The SB3 and SB4 are less abundant than the other sensilla on clubs of female X. germanus but not quantitatively different from each other (Fig. 14A) . Similarly, SB1 are the most abundant type of sensilla on the anterior surface of the antennal club for male X. germanus followed by SC (Fig. 14A) .
The SB1 are also the most abundant type of sensilla on the anterior surface of the antennal club for female X. crassiusculus followed by SC, SB2, and ST2 (Fig. 14B) . Densities of the SB3 and SB5 are lower than the aforementioned types, but higher than SB4 for females (Fig. 14B) . The SB1 are the most abundant type on the anterior surface of the antennal club for male X. crassiusculus followed by SC (Fig. 14B) . Density of ST1 is not different from SB2 and SB5, but more abundant than SB3 and SB4. There is no difference in density per antennal club for male X. crassiusculus for SB2, SB3, SB4, and SB5.
Discussion
Our study provides evidence of seven morphologically different types of sensilla on the anterior surface of the antennal club for females and males of the ambrosia beetles X. germanus and X. crassiusculus, including one type of sensillum chaeticum, one type of sensillum trichodeum, and five types of sensilla basiconica. We did not observe any obvious species or sexual dimorphism with respect to sensilla type; all seven types of sensilla were found on both females and males for X. germanus and X. crassiusculus. However, more sensilla occur on the antennal club of females than males for all types except SB4 on X. crassiusculus. Intersexual differences in densities of sensilla may be attributed in part to the smaller antennal size of males compared with females. Distributions of antennal sensilla on the anterior surface of the club varied from wide spread to localized depending on the type, but similar within-type distributions were generally observed between sexes.
Sensilla morphologies observed as part of our current study share similarities with sensilla described from other Scolytinae. In particular, Moeck (1968) described sensilla associated with antennae of the ambrosia beetle Trypodendron lineatum (Olivier), including different types of sensilla chaetica, sensilla trichodea, and sensilla basiconica. Payne et al. (1973) expanded further on the morphology of antennal sensilla of T. lineatum and a variety of other Scolytinae.
Sensilla chaetica on antennae of T. lineatum were described by Moeck (1968) as long, stiff hairs with pointed projections that are articulated and set in a socket. Payne et al. (1973) confirmed the presence of sensilla chaetica on the antennae of T. lineatum and several other Scolytinae species, including Dendroctonus, Ips, Pseudohylesinus, Scolytus, and Trypodendron. Moeck (1968) concluded sensilla chaetica are thick walled and probably all innervated by a single neuron. These attributes combined with an articulated base have led researchers to conclude sensilla chaetica from other Scolytinae, Coleoptera, and various insects function as tactile receptors for mechanoreception, particularly thigmotactic function (Moeck 1968 , Borg and Norris 1971 , Payne et al. 1973 , Daly and Ryan 1979 , Zhang et al. 2011 , Wang et al. 2012 . The long sensilla chaetica present on the scape, funicle, and club may also act as proprioreceptors to provide feedback on position of the club. Their comparatively long length and predominance along distinct sensory bands indicates sensilla chaetica may provide some degree of protection over the shorter sensilla basiconica (Moeck 1968 , Payne et al. 1973 . As with Trypodendron lineatum (Olivier) (Moeck 1968) , sensilla chaetica were the only type of sensilla located on the scape and funicle.
Of the three types of sensilla trichodea described by Moeck (1968) and Payne et al. (1973) from antennae of T. lineatum, "sensilla trichodea type II" most closely resembles the ST1 observed from X. germanus and X. crassiusculus. The "sensilla trichodea type II from T. lineatum are comparatively long, perforated with flaskshaped holes, sharply pointed distally, and absent of a socket but with a slightly recessed collar (Moeck 1968) . The surface of ST1 from X. germanus and X. crassiusculus exhibit a similar morphology but with slit-shaped depressions and no recessed collar. Similar to X. germanus and X. crassiusculus, "sensilla trichodea type II" were only observed on the antennal club of T. lineatum (Moeck 1968 ) and several Dendroctonus spp. (Payne et al. 1973) . Depressions in the wall surface and absence of a socket suggests a chemoreceptory role of ST1 for X. germanus and X. crassiusculus. Tissue sectioning and transmission electron microscopy (TEM) examinations of internal anatomy of "sensilla trichodea type II" were not conducted as part of our current study, but Moeck (1968) observed two neurons and concluded a mechanosensory role is unlikely. While some sensilla trichodea can function in part as mechanoreceptors (Zacharuk 1985) , other studies have demonstrated sensilla trichodea respond to semiochemicals, including pheromones (Hallberg et al. 1994 , Chen et al. 2010 . Moeck (1968) and Payne et al. (1973) observed at least two types of sensilla basiconica confined to the antennal club of T. lineatum, namely, long and short types. We observed five morphologically distinct types of sensilla basiconica ranging from smooth surfaces to those with purported pores on the anterior surface of the antennal club from female and male X. germanus and X. crassiusculus. The sensilla basiconica may lack pores (i.e., thermo-or hygroreceptor), have a single pore (i.e., contact chemoreceptor or gustatory receptor), or have many pores (i.e., olfactory receptor; Nation 2002). Moeck (1968) described "sensilla basiconica long type," which was the most abundant basiconicum on the antennal club of T. lineatum, as curved with a nonarticulated base and exhibiting numerous flask-shaped perforations on the wall surface. SB1, the most abundant antennal sensillum for both sexes of X. germanus and X. crassiusculus, are characterized by numerous depressions on the wall surface.
The SB2 is a unique morphology compared with basiconia types described from other Scolytinae (Moeck 1968 , Payne et al. 1973 , Dickens and Payne 1978 , Chen et al. 2010 , Wang et al. 2012 ; it is characterized by extensive serpentine depressions that cover the entire medial to distal surface of the sensillum. The numerous purported pores associated with SB1 and SB2 indicate an olfactory function. The presence of pores and their association with dendritic branches combined with single-cell electrophysiological recordings confirmed an olfactory role of sensilla basiconica from various Scolytinae Payne 1977, 1978; Altner and Prillinger 1980; Zacharuk 1985) .
The SB3 are relatively rare on the anterior surface of the antennal club of X. germanus and X. crassiusculus and exhibit a smooth surface absent of distinct depressions. Moeck (1968) and Payne et al. (1973) observed a short, flask-shaped peg referred to as "sensilla basiconica short type" that shares similar external morphological traits to the SB3 observed from X. germanus and X. crassiusculus. Payne et al. (1973) suggested sensilla basiconica short type may have chemoreceptory functions, but the types of chemicals to which they respond could be different from the multiporous sensilla basiconica. The dendrites may extend up the hair lumen to the tip and be exposed to air for sensing water vapor, CO 2 , or other chemicals (Moeck 1968) .
The SB5 observed on the anterior surface of the antennal club for X. germanus and X. crassiusculus exhibit deep grooves that extend longitudinally from medial to distal regions of the sensilla. Similar sensilla basiconica with longitudinally grooved walls have been described as fluted cones from Dendroctonus frontalis (Dickens and Payne 1978) , Dendroctonus ponderosae (Whitehead 1981) , Dendroctonus valens (Chen et al. 2010) , three Ips spp. (Faucheux 1994 (Faucheux , 1989 , and three Tomicus spp. (Wang et al. 2012) . Whitehead (1981) characterized the sensilla as multiporous and nonsocketed fluted cones innervated by four neurons. Wang et al. (2012) described the fluted cones from Tomicus spp. as nonsocketed with the upper part of the sensillum being surrounded by nine finger-like projections with some longitudinal pores between the projections. Deep grooves, but not finger-like projections, were associated with SB5 fluted cones from X. germanus and X.
crassiusculus. Sensilla with similar morphologies exhibit chemosensory functions including thermo-chemical reception (Hallberg 1982) , thermo-hygro reception (Altner and Prillinger 1980) , and olfaction (Zacharuk 1985) .
Previous EAG and GC-EAD studies involving multiple sensilla on the antennal club of X. germanus have documented varying sensitivity to selected semiochemicals. For instance, X. germanus exhibited antennal responses to seven selected host-derived and nonhost compounds, including (E)- (6) (Ranger et al. 2014) . Ethanol is an important hostderived volatile attractant that elicited a positive EAG concentration response by X. germanus and a larger antennal response at various concentrations than other selected semiochemicals (Ranger et al. 2012 (Ranger et al. , 2014 . A combination of two behaviorally active semiochemicals, ethanol plus conophthorin, also elicited larger EAG amplitude responses at various concentrations than binary mixtures of ethanol plus other selected semiochemicals. Xylosandrus crassiusculus also responded via EAG and GC-EAD to over 30 host-and nonhost compounds (Ott 2007) . Electrophysiological recordings from X. germanus and X. crassiusculus are often most successful when the tip of the recording electrode is placed in the center of the antennal club (Ott 2007, Ranger, personal observation) ; our current study demonstrates the majority of olfactory receptors are localized within this region. Analysis of internal morphology using histological techniques and TEM examinations combined with single-cell electrophysiological experiments would provide additional insight into chemoreceptory properties of the sensillum trichodeum and sensilla basiconica described from X. germanus and X. crassiusculus.
In conclusion, one type of sensillum chaeticum, one type of sensillum trichodeum, and five types of sensilla basiconica are associated with the anterior surface of the antennal club for X. germanus and X. crassiusculus. Sensilla are distributed within two sensory bands and/or a centralized cluster depending on sensilla type. Notably, sensilla with purported olfactory functions are mainly aggregated within the center of the antennal club. Sensillum SB1, which exhibits numerous depressions along the wall surface, is the most abundant type found on female and male antennal clubs for both species. The SB2, which also exhibits numerous surface depressions, appears to be a unique morphology compared with basiconia types described from other Scolytinae (Moeck 1968 , Payne et al. 1973 , Dickens and Payne 1978 , Chen et al. 2010 , Wang et al. 2012 . TEM analyses are warranted to characterize the porosity of depressions associated with the sensilla, but confirming the identity of individual sensilla being microtome-sectioned prior to TEM analysis will likely be complicated by the relatively dense clustering of sensilla types associated with the antennal club. Potential pores in the surface of the various sensilla types might be an artefact associated with the SEM, but consistency in their presence and morphology was observed across specimens throughout our current study. Furthermore, Shields (2010) demonstrated that cold field emission SEM provides greater resolution of surface cuticular structures, especially pores, that are often unattainable with conventional SEM. Classification of sensillum types and inferences about the Fig. 10 . Representative distribution of sensilla along the anterior surface of the antennal club for (A) female X. germanus, including (B) sensillum chaeticum type 1, (C) sensillum trichodeum type 1, (D) sensillum basiconicum type 1, (E) sensillum basiconicum type 2, (F) sensillum basiconicum type 3, (G) sensillum basiconicum type 4, and (H) sensillum basiconicum type 5 (20.0kV 9.3mm Â6.00k; micron bar ¼ 12 mm). Distributions for each type of sensilla from three different representative specimens are overlaid in B-H. putative functions of these sensilla can therefore be achieved based on external, morphological, cuticular features, including the absence or presence of cuticular pores (Shields 2010) . While TEM analyses were not performed as part of our current study, as previously noted the porosity of sensilla with similar morphologies have been confirmed from other Scolytinae, such as T. lineatum (Moeck 1968) , D. . Representative distribution of sensilla along the anterior surface of the antennal club for (A) male X. germanus, including (B) sensillum chaeticum type 1, (C) sensillum trichodeum type 1, (D) sensillum basiconicum type 1, (E) sensillum basiconicum type 2, (F) sensillum basiconicum type 3, (G) sensillum basiconicum type 4, and (H) sensillum basiconicum type 5 (20.0kV 9.3mm Â6.00k; micron bar ¼ 10 mm). Distributions for each type of sensilla from three different representative specimens are overlaid in B-H.
frontalis (Dickens and Payne 1978) , D. ponderosae (Whitehead 1981) , D. valens (Chen et al. 2010) , and three Tomicus spp. (Wang et al. 2012) . EAG and GC-EAD studies targeting the basal cluster of sensilla within the antennal club of X. crassiusculus (Ott 2007 ) and X. germanus (Ranger et al. 2012 (Ranger et al. , 2014 ) also documented sensory responses to selected host-derived volatiles. Still, TEM examinations and single cell electrophysiological recordings are needed to confirm the proposed functions of selected sensilla identified in this study. Representative distribution of sensilla along the anterior surface of the antennal club for (A) female X. crassiusculus, including (B) sensillum chaeticum type 1, (C) sensillum trichodeum type 1, (D) sensillum basiconicum type 1, (E) sensillum basiconicum type 2, (F) sensillum basiconicum type 3, (G) sensillum basiconicum type 4, and (H) sensillum basiconicum type 5 (20.0kV 9.3mm Â6.00k; micron bar ¼ 12 mm). Distributions for each type of sensilla from three different representative specimens are overlaid in B-H. Fig. 13 . Representative distribution of sensilla along the anterior surface of the antennal club for (A) male X. crassiusculus, including (B) sensillum chaeticum type 1, (C) sensillum trichodeum type 1, (D) sensillum basiconicum type 1, (E) sensillum basiconicum type 2, (F) sensillum basiconicum type 3, (G) sensillum basiconicum type 4, and (H) sensillum basiconicum type 5 (20.0kV 9.3mm Â6.00k; micron bar ¼ 8 mm). Distributions for each type of sensilla from three different representative specimens are overlaid in B-H. Density of sensilla chaetica type 1 (SC1), sensillum trichodeum type 1 (ST1), and sensilla basiconia types 1 to 5 (SB1-5) associated with the anterior surface of the antennal club for female and male (A) X. germanus and (B) X. crassiusculus. Different letters indicate significant differences in sensilla counts within a Xylosandrus species and sex (uppercase for females; lowercase for males; one-way ANOVA and Tukey's HSD; n ¼ 8 specimens for female and male X. germanus and X. crassiusculus).
